A bacterium which can utilize potato starch granules as sole carbon source was isolated and identified as Bacillus circulans from its physiological and biochemical properties. Scanning electron microscopic observation of potato starch granules recovered from the culture broth revealed that granules were degraded gradually from their surface resulting in elongated granules with layered structures on their surface. This bacterium produced extracellular amylase which can digest potato starch granules in vitro. The amylase has a unique property in that it produces only maltohexaose from gelatinized starch in the early stage of the reaction. For the production of this amylase potato starch was found to be most effective while soluble sugars including gelatinized starch and maltose had little effect.
A bacterium which can utilize potato starch granules as sole carbon source was isolated and identified as Bacillus circulans from its physiological and biochemical properties. Scanning electron microscopic observation of potato starch granules recovered from the culture broth revealed that granules were degraded gradually from their surface resulting in elongated granules with layered structures on their surface. This bacterium produced extracellular amylase which can digest potato starch granules in vitro. The amylase has a unique property in that it produces only maltohexaose from gelatinized starch in the early stage of the reaction. For the production of this amylase potato starch was found to be most effective while soluble sugars including gelatinized starch and maltose had little effect.
Cereal starch granules are generally digested by amylases of plant, microbial and animal origins both in vivo and in vitro and degradation patterns of these granules have been extensively studied.1~3) Potato starch granules, on the other hand, are quite resistant to these amylases although they are hydrolyzed easily once gelatinized. at 37°C for 24hr with shaking. To induce amylase, the bacterium was grown at 37°C with shaking in a 500ml flask containing 100 ml of medium. The amylase inducing medium consisted of 2g of (NH4)2SO4, 14g of K2HPO4, 6g ofKH2PO4, 0.2g ofMgSO4à"7H2O, 1 g of yeast extract and 10g of potato starch per 1000ml of distilled water. Potato starch was separately sterilized as described above and added to the flask after the other ingredients had been autoclaved. Cultivation was started by inoculation of 2 ml of the preculture.
Analysis of sampled culture. At intervals, portions (about 5 ml) of the cultivating suspension were removed aseptically. A part (0.3 ml) of this suspension was diluted 10-fold with distilled water and the diluted suspension was mixed vigorously, allowed to stand for 15 min and the turbidity of the resulting supernatant measured at 660 nm to assay bacterial growth. One ml of the remaining sample was centrifuged at 3000 rpm for 15 min. The supernatant obtained was used for the assay of amylase activity and for the determination of soluble sugars. To the precipitate obtained above was added 5ml of In H2SO4and the mixture was heated at 100°C for 5 min to hydrolyze starch granules, cooled, centrifuged and the sugar content of the supernatant was determined by the phenol-sulfuric acid method12) with maltose as the standard.
Assay ofamylase activity. The reaction mixture containing 0.5ml of culture supernatant and 0.5ml of 2% gelatinized starch was incubated at 30°C. Soluble starch from E. Merck A. G. was previously reduced with NaBH4as described by Strumeyer.13) At 5 min intervals, 0.2 ml of the reaction mixture was withdrawn and the amount of reducing sugars produced was determined by the dinitrosalicylic acid (DNS) method14) with glucose as the standard. One unit of the enzyme activity was defined as the amountthat liberated 1 fimol of glucose equivalent per minunder the above conditions.
Microscopic observation of starch granules. Starch granules recovered from the culture broth were observed with a phase-contrast microscope, Olympus BHA. For scanning electron microscopy, starch granules recovered from 7 days-culture broth were air-dried, coated with gold with an Ion Coater 1B-3 (Eiko Engineering Co. Ltd., Mito, Japan) and observed with a Scanning Electron Microscope
in vitro Digestion of starch granules. Amylase in the 4 days-culture supernatant was concentrated by 80%-saturated (NH4)2SO4 precipitation followed by dialysis against 10mMphosphate buffer (pH 7.0) and used for in vitro digestion of starch granules. The digestion mixture contained 25mg of starch granules, 3.1 U of amylase solution prepared as above and 0.1 m phosphate buffer (pH 7.0) in a total volume of 2.5ml. Small amounts of toluene and penicillin G were added to protect against microbial growth. Digestion was carried out at 37°C with shaking (120 strokes per min). Portions of the digestion mixture were withdrawn at intervals and centrifuged to removeremaining starch granules. The amountof total sugars in the resulting supernatant was determined by the phenol-sulfuric acid method as described above.
Paper chromatography. In some cases during the assay of amylase activity, 10 or 20^ul was withdrawn from the reaction mixture described above and spotted on Toyo Filter Paper No. 50 (20 x 20cm) for paper chromatography. Paper chromatography was carried out as described previously3)
to determine oligosaccharides pattern produced by the amylase action.
RESULTS

Characterization of isolated bacterium
The isolated bacterium is aerobic, rodshaped (2.5 x 0.5 jum), Gram-positive, has endospores in distended sporangia (2.5 x 1.0 /im) and lateral flagella and produces catalase. Therefore we concluded that this bacterium belongs to the genus Bacillus. Physiological and biochemical tests on this strain were car- Typical results of cultivation of the strain in the mediumcontaining potato starch as sole carbon source are shown in Fig. 1 . After about a 1 day lag period, rapid growth of the bacterium took place for the following 2 days and extracellular amylase was produced concomitantly. Potato starch began to disappear after 1 day of cultivation and over 70% of the added starch was digested during the following 3 days. Throughout the cultivation period soluble sugars in the medium increased slightly. These results indicate that B. circulans F-2 can digest and utilize potato starch granules effectively. Microscopic observation of the partially digested starch granules Figure 2A is a phase-contrast micrograph of potato starch granules recovered from 7 daysculture broth. Most granules are rod-shaped in striking contrast to the well known round shape of intact granules (Fig. 2B) . The fine structure of these degraded granules was observed with a scanning electron microscope. 3B, C and D) while these structures are only seen on a part of the surface in the relatively round granules (Fig. 3A) . These results indicate that Bacillus circulans F-2 produces an extracellular amylase which can digest potato starch granules at a substantial rate.
Action of extracellular amylase on gelatinized starch Besides its potent digestive activity toward potato starch granules the extracellular amylase produced by B. circulans F-2 showed another unique property with gelatinized starch. As shown in Fig. 5 , maltohexaose (G6) is the only low molecular weight product from gelatinized starch in the early stage of hydrolysis.
On further incubation, maltose (G2) and maltotetraose (G4) were formed with a concomitant decrease in G6. In the final stage ofhydrolysis glucose and maltose accumulated,with a trace amount of oligosaccharides having mobilities close to that of G6 on paper chromatography.
Production of extracellular amylase on various carbon sources Table II shows the effect of various soluble sugars, when used as carbon source instead of potato starch granules, on the production of Gelatinized starch, dextrin and maltose could not induce the amylase effectively although the bacterium could grow normally. Fructose, glucose, sucrose, dextran and pullulan could not induce the enzyme, either (data not shown).
Next, the effect of starch granules from various origins was studied and results are summarized in Table III in terms of the relative amount of amylase induced. It is apparent from Table III that starch granules from any origin induced more amylase than the soluble sugars examined in Table II did. These starch granules could be divided into 3 groups on the basis of their ability to induce amylase. Corn, barley and waxy rice starches belong to the first group which induced low amounts of amylase. Kuzu and banana starches come in the second group. High amylose corn (HAC), nagaimo and potato starches form the third group which induced the highest amounts of amylase. Amongthese potato starch was found to be the most effective in inducing amylase from Bacillus circulans F-2. The final bacterial growth attained was essentially the same with all the above starch granules.
DISCUSSION
The isolated bacterium was characterized and found to belong to Bacillus circulans on the evidence described above. This strain has manyphysiological and biochemical properties in common with B. macerans, an exception being its inability to produce gas from carbohydrates (Table I) .
B. circulans F-2 can utilize potato starch granules as sole carbon source and produces amylase in the mediumwhile starch granules are being degraded.
No amylase has been knownwhich could digest potato starch extensively and, therefore, studies on the pattern of degradation of potato starch were limited.
Phase-contrast and scanning electron microscopic observations of potato starch granules partially digested by B. circulans F-2 revealed layered structures running in parallel on their surface. Although similar structures were found in banana starch,15) these structures differ strikingly from the degradation patterns of cereal starches. First, digestion proceeds apparently in a quite organized way in potato starch. Namely, layered structures start from a single point on a granule and extend gradually toward the other end. Nomore than one group of layered structures with independent arrangements was observed on a single granule. This is in sharp contrast to the degradation patterns of cereal starches where many independent holes were observed on a single granule. Second, potato starch granules are degraded gradually from their surfaces and no preferential erosion of their internal region was observed. The preferential erosion of the internal part is usually observed in cereal starches and this is interpreted as that the internal part is more susceptible to enzymic digestion than the surface region in these starches.16) This might lead to the idea that the internal part is more resistant to the enzymic attack than the surface region in potato starch. However,scanning electron microscopic observation of Nageli dextrin, prepared by controlled acid hydrolysis of potato starch gran- whenthe internal part of granules is isolated and its susceptibility is compared to that of intact granules.
The extracellular amylase produced by B. circulans F-2 has two remarkable properties. One is that this amylase can digest potato starch granules in vitro. Although corn and barley starches were digested by this amylase faster than potato starch, the relative rate of digestion of the latter was one-half to onethird of the former. This value is far higher than the values reported for other known The amount of the amylase produced on potato starch granules was taken as 100%.
amylases. Therefore, it could be concluded that this amylase is the first known amylase that can digest potato starch at a substantial rate. This amylase might be one of the most powerful amylases for enzymic hydrolysis of starch granules without heat gelatinization.
The other property is that this amylase produces only G6 from gelatinized starch in the early stage of hydrolysis. In this respect it resembles the G6-forming amylase (exomaltohexaohydrolase)
of Aerobacter aerogenes^which liberates G6 successively from the non-reducing ends of amylaceous polysaccharides. However, this amylase seems to have higher ability to hydrolyze G6 further into G4 and G2 than the G6-forming amylase. B. circulans F-2 utilizes many soluble carbohydrates such as glucose and maltose and grows to approximately the same extent as in the mediumin which potato starch granules were used as sole carbon source. However, little or no amylase was produced in the mediumcontaining any of these soluble carbohydrates. On the other hand, the bacterium produced amylase to various extents when grown in media containing starch granules of various origins (Table III) . There is a reverse correlation between the amount of amylase induced by a certain starch and the susceptibility of that starch to the amylase. Namely, potato starch, the most resistant starch to the enzymic digestion, induces the highest amount of amylase. The bacterium seems to somehow recognize potato starch as a potential carbon source and to produce a larger amount of amylase than in the media in which more digestable carbon sources are present. Further experiments are needed to elucidate the mechanismof potato starch recognition by this bacterium.
Purification of this amylase is now in progress from the culture broth of Bacillus circulans F-2, which will allow the detailed study of this enzyme.
